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I,  Mctliodolo**) 

This  projccl  was  aimed  al  elucidating  the  electronic  slruciiire  of  nitride  semieonduetor  surfaces, 
defects,  and  impurities  through  llrst-principles  calculations.  [)ensii\  funeiic^nal  theor\  is  the 
standard  approach,  hut  in  its  routine  implementation  it  has  major  detlciencies  because  the  band 
gap  of  semiconductors  is  se\erel\  underestimated,  Verv  reeentl\  ,  a  new  approach  using  *’h\  brid 
functionals'*  has  emerged.  Through  a  collaboration  w  ith  Prof.  Georg  Kresse  at  the  Uni\ersity  of 
Vienna,  the  main  de\  eloper  of  the  VASP  code,  we  obtained  access  to  a  code  that  could  perform 
such  calculations.  1  his  approach  has  been  used  e.xiensivelN  throughout  this  project,  putting  us  at 
the  forefront  ofappKing  this  new  methodology  to  problems  relating  to  surface  and  defect  states. 

1.  Kffcct.s  of  lluoriiie  on  nitride  ninteriiils  and  devices 

f  luorine  has  a  henelicial  effect  on  the  characteristics  of  AlGaNTiaN  high  electron  mobilit\  tran¬ 
sistors  (I  ll-M  Ts),  hut  the  causes  are  not  understood.  We  conducted  investigations  of  lluorine  in 
interstitial  and  substitutional  sites,  and  its  interaction  w  ith  point  defects.  These  studies  produced 
the  reall\  intriguing  result  that  nuorine  placed  at  interstitial  sites  in  GaN  or  AIN  acts  as  a  shallow 
acceptor,  l-or  a  material  that  is  hard  to  dope  /^-type,  such  as  AIN  (and  the  same  applies  to  /nO), 
such  an  approach  might  overcome  the  obstacles  that  have  been  faced  so  far  We  investigated  the 
stabilit)  off'  impurities,  and  proposed  a  speciTic  procedure  to  selecliveK  introduce  T  on  intersti¬ 
tial  lattice  sites. 

The  research  was  published  in  Applied  Physics  Lciicrs  [I].  It  was  one  of  the  live  most 
dow  nloaded  APLs  in  the  month  of  November  200^)  [2). 

Results  about  IliKirine  were  shared  with  the  Mishra  group.  We  also  were  given  access  to  their 
experimental  results  on  lluorine  incorporation  in  devices  and  improvements  in  electrical  charac¬ 
teristics.  W  e  performed  many  calculations  of  lluorine  on  nitride  surfaces  in  an  attempt  to  iden- 
tif\  the  underKing  reason(s)  for  the  henelicial  effects  observed  in  llliM  Ts,  but  no  llnal  conclu¬ 
sions  ha\  e  been  reached  to  dale. 

3.  Klcctroiiic  structure  of  nitride  surfaces 

Man\  of  the  ke\s  issues  in  nitride  llT.M'Ts  revolve  around  the  effects  of  the  surface  on  the  two- 
dimensional  electron  gas  (2I)I:G),  and  hence  on  the  transistor  characteristics.  As  a  tlrsi  step,  we 
performed  a  comprehensive  sludv  of  the  "bare"  surface  of  the  nitride  semieonduetor  (i.e..  with¬ 
out  anv  oxide  present).  Such  studies  were  in  place  for  GaN,  but  still  needed  to  be  performed  for 
AIN  surfaces,  in  order  to  be  able  to  draw  conclusions  for  AIGaN  lavers.  We  studied  both  polar 
and  nonpolar  AIN  surfaces,  obtaining  atomic  reconstructions  as  well  as  the  correspiiiuling  elec¬ 
tronic  structure.  We  found  that  the  stable  reconstructions  generallv  satisfv  the  electron-counting 
rule,  except  for  cases  where  Al  adlavers  are  present.  1  rends  among  the  grcnip-lll  nitrides  were 
ideniilled. 

I  o\‘  ihe  dominant  surface  reconsiruclions.  we  analv/ed  the  eleclixmic  structure  with  the  goal  ol 
predicting  1  crmi-level  pinning  positions.  One  of  the  ke\  conclusions  was  that  the  bare  surlaces 
never  have  anv  surface  donor  state  in  the  upper  part  ol  the  band  gap,  showing  that  clean  AKiaN 
surlaces  cannot  be  the  source  of  carriers  in  the  two-dimensional  electron  gas  in  \l(iaN  (laN 
I II  \1  K.  I  his  work  has  been  published  in  Phvsual  Revu'w  />  |  >  |. 


4.  Ow^cii  :i(1n()i  |)ti()n  on  (iaN  and  AIN  surfaces 

I  lasing  csiablishcd  iliai  bare  surfaces  eannol  act  as  a  source  ofclceirons,  we  moved  on  to  lines- 
ligaie  oxidation  ol' nitride  surfaces.  We  first  investigated  the  pinsies  of  oxvgeii  adsorption.  W'e 
found  that  under  \l-ricli  conditions  Al  adatoms  or  O  substitution  on  N  sites  can  stabilize  o\\gen 
adsorption  on  the  (0001 )  surface.  We  identilled  three  stabilization  mechanisms;  ( I)  the  electron 
counting  rule:  (2)  oxide  stoichiometrv :  and  (3)  changes  in  h> bridization  of  the  surface  \l.  In 
contrast  to  previous  claims,  we  found  that  the  ()  adsorption  energies  exhibit  similar  trends  with 
increasing  coverage  for  (0001 )  and  (000-1)  surfaces,  show  ing  that  the  energetics  of  ()  adsorption 
do  not  stronglv  depend  on  polarilv . 

I  his  work  has  been  accepted  for  publication  in  ilifroPhysics  Lciicrs  |4|. 

5.  Oxidation  offiaN  and  AIN  snrfacc.s 

W'e  then  moved  on  to  investigate  realistic  oxide  lavers  on  the  nitride  surface,  lixperimentall)  it 
had  alreadv  been  established  that  spontaneous  oxidation  is  limited  to  one  or  two  monolavers,  a 
coverage  regime  that  we  explicitiv  addressed  in  our  calculations.  Numerous  structures  with  dif¬ 
ferent  oxide  coverage  and  different  stoiehiomelrv  were  examined,  and  their  stabilitv  was  inter¬ 
preted  in  terms  of  driving  mechanisms  such  as  the  electron  counting  rule  and  oxide- 
sloictiii>metrv  matching.  Our  results  enable  predicting  which  structures  are  likely  to  form  under 
specific  oxidation  conditions.  The  calculated  electronic  structure  then  shows  the  expected  posi¬ 
tion  of  surface  donor  states  within  the  band  gap  [5], 

We  predict  that  the  relevant  structures  have  a  distribution  of  occupied  surface  donor  states  in  the 
band  gap  in  a  range  between  I  eV  and  3  eV  below  the  conduction-band  minimum  (CliM).  I  he 
highest  occupied  state  is  therefore  considerablv  higher  in  energv  than  prev  iouslv  reported  single 
surface  donor  levels,  in  agreement  with  recent  experiments  in  the  Mishra  group  |()|  that  show 
that  the  surface  barrier  height  for  low  AKjoN  thicknesses  (i.c.,  at  the  onset  of  the  2l)l:(i)  can  be 
as  low  as  t  eV.  I  he  integrated  densitv  ol*  states  of  the  relevant  surface  donor  states  is  on  the  or¬ 
der  ol'  |{)'  '  cm\  which  means  that  the  surface  1‘ermi  level  moves  down  signillcantlv  as  electrons 
are  transferred  out  cd  the  surface  slates  into  the  2l)l:(i  as  the  AKiaN  thickness  is  increased.  I  his 
llnding  explains  the  observed  dependence  of  electron  densitv  on  thickness  and  v  ariations  of  sur¬ 
face  barrier  height  |6|.  We  have  also  proposed  explanations  for  the  observed  correlation  be¬ 
tween  the  surl'ace  barrier  height  al  the  onset  of  the  21)1  Al  (w  hich  corresponds  to  the  highest  oc¬ 
cupied  surface  donor  state)  and  the  magnitude  of  the  densitv  of  surface  donor  states. 

I  he  studies  on  oxidized  AKiaN  surfaces  were  perlormed  in  eollaboration  with  the  Mishra  group, 
as  exemplified  bv  joint  publications  [6,71. 

6.  Si  mu  lilt  ions  of  H  TAlTs 

I  laving  established  that  the  relevant  surface  donors  do  not  correspond  to  a  single  sharp  level  in 
the  band  gap.  but  to  a  (li'^irihuliofi  of  surface  stales  within  the  band  gap.  we  proceeded  to  invest- 
ligaic  how  this  finding  would  quaiuitativ elv  affect  the  characteristics  of  the  21)1  (»,  Previous 
sinuilalioiis  had  boon  based  on  lairlv  simple  models  and  had  assumed  onlv  a  single  don'>r  level 


In  conlrasU  wc  iiK'liidccI  surface  donor  stales  with  distribiiled  and  Unite  doiisil\  in  Sehrddingcr- 
Poisson  siniiilalioiis  ol  AKiaN/CiaN  la\er  slriielures  [7|. 

I  hose  more  sophisticated  simulations  not  onl\  agree  with  observed  experimental  trends  jb].  but 
in  conjunelion  with  our  llrsl-principles  calculations  allow  us  to  propose  specific  microscopic 
mechanisms  for  the  observed  variations  in  surface  barrier  height  and  2I)IKj  density  as  a  function 
of  AKiaN  thickness.  Al  composition  oflhc  barrier,  and  surface  preparation  conditions. 

7,  Nonpolar  surfaces 

As  research  on  nitride-based  I  IfMTs  continues,  increased  allenlion  has  been  focused  on  the  use 
of  nonpolar  orientations.  W'e  have  performed  (as  v  et  unpublished  (  8|)  calculations  ol’ reconstruc¬ 
tions  and  electronic  structure  of  oxidized  AIN  and  ClaN  non-polar  (10-10)  and  (I  1-20)  surfaces. 
Inlercsiinglv .  the  (10-10)  surface  favors  a  high-density  oxidization  structures  formed  b\  ()  sub- 
siiiulions  for  N  along  with  0  occupation  of  interstitial  sites,  whereas  the  (I  1-20)  surface  favors 
low-dcnsilv  oxidization  structures  formed  by  On  and  AI(Ga)  vacancies  on  the  surface.  The  high- 
densii)  oxidization  surfaces  are  more  likely  to  form  under  O-rich  conditions.  In  spile  of  the  sub¬ 
stantial  changes  in  surface  slruelure  induced  by  oxidation,  the  positions  of  surface  stales  in  the 
band  gap  are  not  signillcanlly  affected  and  therefore  there  is  little  effect  on  the  electronic  proper¬ 
ties  ol'ihe  materials.  Oiven  that  in  the  case  of  nonpolar  lir-M’I’s  the  2l)IX"j  is  formed  by  inten¬ 
tional  doping,  these  characteristics  of  the  surface  are  likely  to  be  beneficial. 
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